Abstract. The ideal reference, or control, gene for the study of gene expression in a given organism should be expressed at a medium-high level for easy detection, should be expressed at a constant/stable level throughout different cell types and within the same cell type undergoing different treatments, and should maintain these features through as many different tissues of the organism. From a biological point of view, these theoretical requirements of an ideal reference gene appear to be best suited to housekeeping (HK) genes. Recent advancements in the quality and completeness of human expression microarray data and in their statistical analysis may provide new clues toward the quantitative standardization of human gene expression studies in biology and medicine, both cross-and within-tissue. The systematic approach used by the present study is based on the Transcriptome Mapper tool and exploits the automated reassignment of probes to corresponding genes, intra-and inter-sample normalization, elaboration and representation of gene expression values in linear form within an indexed and searchable database with a graphical interface recording quantitative levels of expression, expression variability and cross-tissue width of expression for more than 31,000 transcripts. The present study conducted a meta-analysis of a pool of 646 expression profile data sets from 54 different human tissues and identified actin γ 1 as the HK gene that best fits the combination of all the traditional criteria to be used as a reference gene for general use; two ribosomal protein genes, RPS18 and RPS27, and one aquaporin gene, POM121 transmembrane nucleporin C, were also identified. The present study provided a list of tissue-and organ-specific genes that may be most suited for the following individual tissues/organs: Adipose tissue, bone marrow, brain, heart, kidney, liver, lung, ovary, skeletal muscle and testis; and also provides in these cases a representative, quantitative portrait of the relative, typical gene-expression profile in the form of searchable database tables.
Introduction
The quantitative study of gene expression in terms of the amount of RNA produced by a certain gene in a given biological condition is fundamental to our understanding of gene structure and function. Molecular laboratory techniques used to quantitatively measure RNA expression levels include northern blot analysis, reverse transcription-polymerase chain reaction (RT-PCR), expression microarrays and, recently, RNA sequencing (RNA-Seq). These techniques typically require a form of normalization of the measured RNA expression level of a gene to account for the potentially different RNA input quantities used in the assay. The best way to do this is to relate the transcripts to the number of templates (DNA strands) creating them. Owing to difficulties in obtaining these parameters from the same samples, several methods have been proposed over the years and are commonly used to relate the RNA amount of a given molecular species to one or more reference RNAs that are assumed to be expressed at a constant level in the cell type under consideration (1) . More specifically, the ideal reference (or control) gene for the study of gene expression in a given organism should: i) Be expressed at a medium-high level so it can be easily detected; ii) be expressed at a constant/stable level in different cell types and within the same cell type undergoing different treatments; and iii) maintain these features through as many different tissues as possible within the organism (that is, ubiquitously expressed). These features would maximize the usefulness of the genes in the expression studies (2) .
From a biological point of view, the theoretical requirements for an ideal reference gene appear to be best suited to the housekeeping (HK) genes, a large class of genes that are constitutively expressed, subjected to low levels of regulation in different conditions and perform biological actions that are fundamental for the basic functions of the cell (1) . Their fundamental roles also mean that they tend to be expressed in high levels, confirming their suitability as reference genes.
Since the 1980s, several human genes have been widely used as 'classic' reference genes based on their fulfilling of the aforementioned requirements, as assessed typically by northern blot analysis (3) , and this set of genes was seamlessly transferred for use in RT-PCR analyses in the 1990s (4) . However, in a situation in which there was only preliminary knowledge of the human genome, the choice of these genes could be only anecdotal, among the limited pool of the genes known at the time. Following the widespread use of expression microarray techniques in the early 2000s (5) , along with the initial sequencing and characterization of the human genome, it became theoretically possible to study and select HK genes by the systematic analysis of transcriptomes. This possibility was readily exploited in certain initial studies (6, 7) , which demonstrated that common control genes used in human studies, including the most popular glyceraldehyde-3-phosphate dehydrogenase (GAPDH), actin β (ACTB) and β 2 -microglobulin (B2M) (3, 8, 9) , actually exhibited considerable variability in expression within and across microarray data sets, and in certain cases this was confirmed by quantitative RT-PCR (RT-qPCR) analysis (10) . The main conclusion was that the choice of a reference gene should be suited to the specific investigated tissue. In the following years, the problem of selecting a human HK gene by exploiting the availability of transcriptome-scale data was addressed by several studies and remains under debate (11) .
The present study considered whether recent advancements in the quality and completeness of human expression microarray data, along with developments in statistical analysis, may be able to provide new clues toward the quantitative standardization of human tissue gene expression studies, cross-and within-tissue. A general framework is presented for choosing reference genes that may be useful in gene expression studies on normal human tissues and organs; the present study also addresses certain previous assumptions and provides an approach that is based on the Transcriptome Mapper (TRAM; http://apollo11.isto.unibo. it/software/TRAM) tool, which can overcome a number of problems associated with cross-platform analysis (such as, probe assignment to locus, intra-and inter-sample normalization and scaled quantile statistics) (12, 13) . TRAM can integrate data from hundreds or thousands of complete microarray data sets and provide unique combinations of features that are particularly suited to allow the choice of reference genes based on the three properties aforementioned. TRAM calculates a quantitative measurement for a consensus mean-expression value for tens of thousands of human transcripts expressed in a specific tissue or organ, thus allowing for a precise estimation of the intensity of its expression in terms of a percentage of the mean expression value in the pool of analyzed transcriptomes and the choice of a reference gene expressed at medium-high or high level (12, 14) . In addition, TRAM provides the standard deviation (SD) from the mean (normalized as the percentage of the mean value) for the mean expression value of a given locus, thus allowing for the selection of genes that may have more stable expression values in a variety of different samples and/or experimental platforms that have been investigated for a given tissue/organ. Finally, TRAM is able to integrate data from numerous sources, allowing verification of the consistency of the first two features through a wide range of different tissues within the organism studied (12) .
The present study conducted a meta-analysis of 646 data sets that were obtained from different studies associated with 54 different normal human tissues and organs, using various experimental platforms. This meta-analysis produced results for 35,131 individual loci, including known genes and expressed sequence tag (EST) clusters, in the form of a database that may be extensively queried by freely combining a number of criteria, thus identifying the best intersection of moderate-high level of expression, low expression-value variability and expression in a large number of tissues. Results from the present study demonstrated that the human actin γ 1 (ACTG1) gene may potentially be used as a general reference gene for human cross-tissue studies and that specific genes are most suited for individual within-tissue studies. An enrichment analysis in functional classes for the identified HK genes is also presented.
Materials and Methods
Database search. To retrieve data sets that have been derived from normal adult human tissues, a systematic search of the gene expression data repository Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo) (15) was performed for any available sample series associated with pools of normal human tissues/organs, choosing Homo sapiens as the organism. The query used was: 'Homo sapiens [ORGANISM] AND tissue* [TI] OR organ* [TI]ʼ. These selection criteria led to the generation of a pool of samples that included all of the main human organs and tissues, which served as a reference set already partially used by the authors of the present study (14) . The searches were performed up to May 2013, and search results were then filtered using inclusion and exclusion criteria as explained in the Data set selection subsection below.
Data set selection. Inclusion criteria of data sets used in the present analysis were: i) Experiments were carried out on whole organs or tissues; ii) organs/tissues were obtained from individuals exhibiting normal phenotypes; iii) samples used in the studies were obtained from adults; and iv) the availability of the raw or pre-processed data. Exclusion criteria included: i) Studies using exon arrays (which hamper data elaboration by TRAM, owing to an exceedingly high number of data rows) or platforms using probes that are split into several different arrays for each sample, which hampers intra-sample normalization; ii) platforms that examine an atypical number of genes (that is, <5,000 or >60,000); and iii) data that is derived from cell lines, pathological or treated tissue, or children or fetal tissues.
A quantitative transcriptome map was obtained by linearizing values from each data set that were provided as logarithms. If only raw files (such as CEL files) were available in the GEO database, they were converted into pre-processed data using the AltAnalyze version 2.0 program (http://www .altanalyze.org) (16) . Tables I and II summarize the data sets used to build the integrated transcriptome map from different human tissues/organs. The mean number of retrieved data sets was 22.2±6.6 for the group of the main tissues/organs (Table I ) and 6.5±5.2 for the group of the minor tissues/organs (Table II) since there were a lower number of representatives of certain of them owing to the limited availability of data in the repositories.
TRAM analysis. The TRAM tool (12) allows gene expression data to be imported in a tab-delimited text format. It also allows data integration by decoding probe-set identifiers to gene symbols using UniGene data parsing (17) , normalizing data from multiple platforms using intra-sample and inter-sample normalization (that is, scaled quantile normalization) (13) , and creates tables of expression values for each transcript.
A directory (folder) was created that contains the whole pool of all the sample data sets (n=646) associated with 54 different human tissues/organs that were retrieved and downloaded from the GEO database. This set included 629 samples described previously (14) , which were in addition to the following GEO samples: GSM2829, GSM2856, GSM18792, GSM18793, GSM18951, GSM18952, GSM39975, GSM39980, GSM39992, GSM39994, GSM39999, GSM40001, GSM44671, GSM52565, GSM175935, GSM790822 and GSM790831. These samples were pre-processed according to the TRAM tool guide to be ready for import and processing in TRAM. During the pre-processing step, TRAM allows the linearization of data sets when provided as logarithms. All pre-processed samples of the whole pool were then imported as pool B in the TRAM table, and the entire set of analyses permitted by TRAM was performed as described in detail in the tool guide, using default parameters as previously described (12) . The significance of the over-/underexpression of single genes was determined within pool B by running TRAM in 'Map' mode (12) with a segment window of 12,500 bp and a minimum number of one over-/underexpressed gene in that window. This window size is <20% of the 67 kb mean size of a human protein-coding gene, as determined by searching the GeneBase database (18); therefore, significant over-/underexpression of a segment [at q<0.05, where q is the P-value corrected for false discovery rate (12) ] almost always corresponds to that of a single gene. When the segment window contains >1 gene, significance is maintained if the expression value of the over-/underexpressed gene prevails over the others.
To study tissues or organs individually, 10 representative biological conditions were selected (Table I ) and the data were exported for the pool of samples relative to each tissue/organ from the TRAM table 'Values B' and reimported in TRAM as pool A to allow comparison between the specific tissue/organ (pool A) and the whole pool (pool B).
TRAM version 1.2.1, 2015 human version, was used in the present study and is freely available at http://apollo11.isto .unibo.it/software. The complete set of TRAM results from the import and analysis of the 646 data sets is not currently distributed owing to its very large size (25 GB); only the final results are available. However, the complete set of results may be regenerated locally by running the automated import and analysis of the data sets in the aforementioned pool B folder into the TRAM 1.2.1 software. Briefly, gene expression values were assigned to individual loci using UniGene, data were subjected to intra-sample normalization as a percentage of the mean value and then to inter-sample normalization by scaled quantile. The value for each locus within each biological condition is the mean of all available values for that locus. The median value of whole genome gene expression was used to determine the percentiles of expression for each gene. Only mapped genes or EST clusters with an assigned gene name or UniGene code, respectively, that have start and end genomic coordinates, and have a non-empty raw intensity value were selected for the analysis.
Further improvements were made for the present study by adding the total number of biological samples (microarrays) from which each gene expression value is derived, in addition to the number of data points, as certain experimental platforms used to assess expression levels for a sample may contain a variable number of microarray spots, each with a different probe, which generate multiple expression data points for the same gene. These improvements are available (upon request) as a dedicated script and are to be fully integrated into the next version of TRAM (TRAM 1.3), which is due to be released in 2017. Since a different number of microarray spots may be available on a platform for a given gene, these new features offer the possibility to normalize the quantity of information that is available for a gene based on the actual number of distinct biological samples that provide measured expression values for that gene.
To create transcriptome maps, TRAM does not consider probes for which expression values are not available, assuming that an expression level has not been measured. Furthermore, the software gives 95% of the minimum positive value present in a sample to those expression values ≤0 to obtain meaningful numbers when it is required to obtain a ratio between values in pool A and pool B. If it is assumed that, in these cases, the expression level is too low to be detected under the experimental conditions used, then this transformation may be useful to highlight differential gene expression.
HK gene search.
The predicted genes that behave as HK genes were determined, as they are mainly involved in fundamental cellular functions and are ubiquitously and constitutively expressed in all tissues (19) (20) (21) . A search for HK genes in the transcriptome maps was performed using the following parameters: i) An expression value ≥300, which in TRAM is given as a percentage of the mean expression value in a sample in order to select genes that are expressed at least threefold above the mean value and are therefore expressed at an easily appreciable level; ii) a SD ≤30, expressed as a percentage of the mean value to identify genes with a low expression variation among different samples; and iii) a sample number ≥80% of the total number of samples for each analyzed pool to select commonly expressed HK genes (for example, ≥80% indicates 16 out of 20 samples for adipose tissue). When a very low number of suitable HK genes were identified by these criteria, the parameters were relaxed to ≥150 mean expression value, ≤45% SD and ≥65% of samples in the pool with a measured value for the gene (Table I) .
To select the HK genes with the best overall features to be proposed as reference genes, the genes identified as fitting the described criteria were first arranged in descending order of expression value, followed by ascending order of SD% and finally by descending order of sample number. An ascending rank number was assigned for each sorting criterion, the mean among these three ranks was calculated and the lowest mean rank was considered to correspond to the gene with the overall best fit to the three criteria. For tissue-specific analysis, a fourth criterion was added by calculating the ascending rank of the absolute deviation from 1 of the ratio between the mean expression value of the gene in the considered tissue and in the whole pool of 646 samples, respectively (lowest rank considered the best). This fourth criterion selected for genes with the most similar expression values in the whole pool and each tissue-specific pool, suggesting a particularly stable expression level. The mean rank was then calculated for all four criteria.
Functional analysis. The hypothesis that the most suitable HK genes identified in the analysis could be enriched for particular functional classes was tested using the web tool FuncAssociate version 3.0 (http://llama.mshri.on.ca/funcassociate) (22) .
Results
Human HK genes for general use. Using the search criteria detailed in the Methods section of the present study, several genes that were present in ≥65% of the whole pool list of 646 samples from 54 human tissues/organs were identified. A total of eight genes were identified that best fulfilled the criteria to be proposed as reference genes (Table III) , and the HK gene that best fit the combination of all the traditional criteria to be used as a general reference gene was ACTG1.
Human HK genes for individual tissues. A total of 10 human tissues/organs were selected for a systematic search for the best suitable references genes within the respective biological type. By searching with the four criteria aforementioned, several genes were identified that had a mean expression value ≥300 (or ≥150, for searches performed with less stringent criteria), with an SD≤30 (or SD≤45) and with an expression value measured in ≥80% (or ≥65% with relaxed criteria) of the samples within different tissues/organs (Tables IV-VII) . The eight known genes with the lowest mean rank scored for the selected criteria are listed in Table IV (adipose tissue and bone marrow), Table V (brain, heart and skeletal muscle), Table VI (kidney, liver and lung) and Table VII (ovary and testis). The complete gene name corresponding to each gene symbol listed in Tables III-VII is provided in Table VIII , along with the number of times that each gene is represented in a different pool among the 11 pools analyzed in Tables III-VII. Analysis of the associated function. Using the FuncAssociate web tool, the identified HK genes were revealed to be significantly enriched in certain functional classes. Of the genes identified as suitable for human tissue-wide use listed in Table III , there were statistically significant enrichments [with adjusted P-value (P-adj)≤0.05] only in the Gene Ontology categories: Ribosome (P-adj=0.003), translation termination (P-adj=0.038), translation elongation (P-adj=0.045) and cellular protein complex disassembly (P-adj=0.05).
A significant enrichment in numerous Gene Ontology categories was also identified by pooling in a unique list all 63 genes (Table IX) identified for the 10 specific tissues/organs (Table IV-VII) ; all enrichments were associated with basic cellular components, molecular functions and/or biological processes. The biological process with the highest statistical significance (P-adj<0.001) was RNA catabolic processes and translation (data not shown).
Discussion
Following the diffusion of expression microarray technology, a number of attempts have been made to use microarray data to perform a systematic analysis of the features of gene expression to identify HK genes that may be best suited as reference genes. Early attempts suffered from the limited number of samples available for analysis in addition to a lack of choice of computational biology techniques to analyze them, in Whole pool contains all sample data sets related to the 54 different human tissues/organs listed in Tables I and II . ID, identifier used in the present study; HK, number of housekeeping genes retrieved; value, expression value; Samples % (n), the percentage of samples in each dataset in which the HK genes fulfiled the selection criteria; n, total sample number; SD%, standard deviation from the mean expression value of a given locus expressed as a percentage.
particular for cross-platform analysis (6) . Similar investigations were also conducted using the EST database (23) and, in recent years, RNA-Seq data (24, 25) . However, the generation of ESTs is subject to certain biases depending on the level of ability for an mRNA to be cloned during the generation of the cDNA EST libraries; therefore, although these data are useful to identify expressed sequences, they are less useful for quantitative analysis. RNA microarrays and RNA-Seq are the two main types of high-throughput technologies used to assess gene expression (26) . Although RNA-Seq is considered to be more sensitive and has a broader dynamic range than RNA microarrays (27) , in large comparative studies these two methods have produced comparable results in terms of gene expression profiling (27) (28) (29) . Microarrays remain an accurate tool for measuring the levels of gene expression (29) and continue to provide useful data-mining resources. The approach of the present study takes advantage of the large number of previous transcriptomic studies that were performed with microarray technology and stored in publicly available databases, and also of the results provided in the form of a list of genes and the corresponding expression values.
The diverse origin of the data, in terms of different investigated individuals, different experimenters and different experimental platforms in the field of microarray analysis, provided a richness in the context of an analysis such as in the present study. That is, following data integration, the final results were not affected by systematic biases that may be linked to the particular samples or experimenters/platforms involved in the generation of the data, and they are likely to best represent the actual 'mean' status for a gene (12), compared with works based only on the original data obtained through a single platform (6) . In addition, the approach of the present study exploited the combination of: i) Automated reassignment of probes to the corresponding genes by the updated UniGene data embedded in TRAM; ii) intra-and inter-sample normalization, including the scaled-quantile method that allows for comparison among platforms with a highly different number of probes; and iii) elaboration and representation of gene expression values in linear form within an indexed, searchable database, with a graphical interface recording quantitative levels of expression (mean expression values), expression variability (SD) and cross-tissue expression of more than 31,000 transcripts. These features represent a clear advancement in comparison with other meta-analyses that were based on published microarray data and were also aimed at identifying human reference genes (30, 31) , particularly considering that several studies on the subject were conducted in years when there was a reduced availability of samples and/or the experimental platforms were less complete (32) .
The meta-analysis in the present study was performed on a pool of 646 data sets from 54 different human whole tissues/organs, and excluded analyses of individual cell types as the whole organ/tissue includes a vast number of cell types in its structure [as discussed by Fagerberg et al (33) ], and also due to the requirement of selecting a representative set of samples as a result of the very long elaboration time for each analysis. The ACTG1 gene was identified as the HK gene that best fit the selection criteria for use as a general reference gene in the study of human gene expression. This gene proved to be statistically significantly over-expressed in the transcriptome map, according to the described criteria (34) , with the following features: A very high mean expression value (3,453.7, indicating an expression level of ~35-fold ID, identifier used in the present study; n, total sample number.
in comparison with the mean expression value of all the genes in each sample, set as equal to 100) and an SD% of 37.8%; the number of samples in which a measure for this gene was available was 513 out of 646 (79.4%). Notably, this well-characterized gene, whose coding sequence appears to be completely characterized (35) , encodes for a cytoplasmic form of actin that is known to be ubiquitously expressed in human cells, but is different from the actin β (ACTB) that is routinely used as a reference gene. According to the data of the present study, the commonly used reference genes ACTB and GAPDH had excellent features in terms of high expression value and diffuse expression in human cells. However, they have an SD% almost double that of ACTG1. Owing to the high similarity between ACTB and ACTG1 (91% identity with no gaps between their coding sequences, as determined by standard BLASTN analysis; data not shown), probes and primers need to be accurately selected to specifically identify the desired form of RNA.
Among the HK genes identified to be best suited as general reference genes for human studies, two ribosomal protein genes, RPS18 and RPS27, and one aquaporin gene, POM121 transmembrane nucleporin C (POM121C), were identified. ACTG1 and RPS27 were also included in the top 20 HK human genes across 42 human tissues in a previous study based on a single platform (36) , however, the data sets from the present study were not included in the present meta-analysis since it was not possible to derive the expression values as linear numbers for each microarray channel from the deposited data. Notably, the eight genes listed in Table III were also classified at the transcript and protein level as 'expressed in all tissues' in the Human Protein Atlas (33) , further supporting the results of the present study regarding them as the most generally suitable reference genes.
In accordance with the relevance of the ACTG1 gene in cross-tissue analysis, this gene is also present in the greatest number of lists (n=5) of the 10 tissue-specific genes best fulfilling criteria to be used as reference genes (Tables IV-VII) . Ribosomal proteins were another notable example of known classes of general HK genes that are well represented in several human tissues. Although there is a clear, expected prevalence among the identified loci of genes encoding for basic cell structure (such as genes encoding for cytoskeletal components) and function (such as genes encoding for transcription and translation, reduction-oxidation metabolism and signaling proteins), it is worth noting that specific members of the same gene family involved in these processes may be identified in one particular tissue/organ and not in the others. The vast majority of genes that may be more suitable as reference genes for individual tissues (Tables IV-VII) are still typical HK genes, with the clear exception of the tissue-specific myoglobin gene in the heart (Table V) . The approach used in the present study allows for the systematic search for ideal reference genes and, at the same time, made available a 'consensus' reference gene-expression profile for 10 human tissues/organs. From this particular point of view, the presented results are less systematic than other previous attempts conducted in the case of the brain (34) and heart (14) . Only the samples belonging to experiments in which a series of normal human tissues were analyzed have been included here, without searching for any single samples recorded for a given tissue in any type of available experiment (for example, comparisons between normal and pathological samples). However, the present data have been obtained through an improvement of the search algorithm for HK genes and may still offer interesting hints to their biological specificity in the transcriptome of these tissues. The same approach may be applied to data sets deriving from cell lines or pathological samples. Table VIII Systematic analysis aimed to evaluate if the genes identified as possible reference genes (Tables IV-VII) were significantly enriched in a particular class of genes confirmed to be involved in the most basic biological processes; in particular, in the metabolism of the informational macromolecules (nucleic acids and proteins). This therefore justifies their tendency to constitutive, stable and almost universal expression, which was also observed in a previous analysis that ranked genes by combining the average expression level and its SD in a single score (37) . The biological peculiarity of HK genes was also highlighted by a significant difference in complexity between HK and tissue-specific gene promoters, as revealed by DNA entropy analysis (38) .
While the present study was in progress, an article on the topic was published that suggested that a 'universal' human HK gene does not exist and provided a list of suitable reference genes for individual tissues/organs (11) . However, the method employed by that study was different from the approach of the present study in a number of relevant aspects. In particular, the results of the previous study were originally obtained by combining the lists of genes retrieved from studies performed using heterogeneous techniques (such as microarray, EST or RNA-Seq analysis), were analyzed using the logic of classification, previous judgments concerning the suitability of certain genes as HK/reference genes were accepted and then these lists were combined. This approach of combining the lists of results was also used by Chang et al (39) and, following ranking, by Shaw et al (40) . By contrast, the present study re-elaborated and normalized original raw data, and generated a fully quantitative analysis of human gene expression, which may explain certain differences in the results obtained by the algorithm used in the current study. Conversely, certain shared general conclusions were highlighted, including the necessity to calibrate the search criteria for HK genes according to cell/tissue type; however, the general analysis of the present study can still identify certain general-purpose genes with acceptable criteria that may be proposed as reference genes. Several previous studies have demonstrated that the results provided by the TRAM tool were highly reliable, having been confirmed by RT-qPCR experiments for several diverse human tissues, demonstrating a correlation coefficient (r) between TRAM and RT-qPCR data of r=0.98 for brain (34) , r=0.99 for hippocampus (41) and r=0.98 for heart (14) . However, it is commonly accepted that additional experimental studies may be required to verify that the identified candidate reference gene is suitable for the actual biological condition investigated (42) . Additional studies are in progress to verify if the HK profile identified in normal tissues may be applicable to aneuploid cells, in particular for systematic analysis of trisomy 21 cells (43), in light of the fact that all of the best reference genes identified by that study are not Table VIII . Gene symbols, corresponding descriptions and the number of recurrences (n) in the Tables for the genes listed in  Tables III-VII. Gene symbol n Gene description Table III. A previous study using RNA-Seq data to identify reference genes across multiple human tissues focused mainly on low SD and so proposed a list of 11 genes with exceptionally low variability (1). The corresponding values have been checked by TRAM analysis in the present study, which confirmed their expression across multiple tissues, with a generally low SD (although not exceptional in the data of the current study). However, these identified genes had low expression values, all in the range of 150-400 in terms of a percentage of the mean value. This was recognized by Kwon et al (46) , who selected low variability as the leading parameter, as have other studies, whereas the approach of the present study was aimed at finding genes with the best combination of criteria, considering that a high expression value may be advantageous in practice for the usability of a reference gene. Finally, it should be noted that other studies have frequently used very different and original approaches to the problem, using computational classifiers (47), the controlled vocabulary of Medical Subject Headings (48) and Gene Ontology classifications (29) .
ACTG1
It may finally be noted that several of the available analysis tools are aimed at determining the best reference genes for normalization of gene expression data, and are largely based on the evaluation of the minimal variation of the expression level of a given gene among different conditions. BestKeeper (49) and GeNorm (50) are commonly used for screening the reference genes to perform an accurate normalization of RT-qPCR data, whereas NormFinder (51) may be used to evaluate reference genes for normalization of RT-qPCR and microarray experiments. Regarding NormFinder, a direct comparison with the tool employed in the present study is not possible, since NormFinder requires the same number of measured values for each gene and the TRAM algorithm does not have this limitation. In addition, NormFinder evaluation is based only on the analysis of variation among different samples, whereas the TRAM approach integrates this parameter with the level of expression (at least medium-high) and with the highest possible number of samples in which each gene is measured; all are essential parameters by which to search for a suitable reference gene, thus allowing the identification of genes with the overall best fit to the three criteria. Finally, although NormFinder has the ability to identify the ideal combination of biologically independent genes for each tissue, this analysis requires the creation of a matrix with two groups of data deriving from two different conditions, which in the case of TRAM can be either one of the ten tissues analyzed or the whole pool. In the whole pool sample, the difference in the number of measures for each gene increases, so the exclusion of a large number of measures to create a matrix of data does not make the The genes with a number of recurrences (n) >1 are shown in bold. AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; CoA, coenzyme A; EGF, epidermal growth factor; GTP, guanosine 5'-triphosphate; MAPK, mitogen-activated protein kinase; Morf4, mortality factor 4 (pseudogene); MTOR, mechanistic target of rapamycin; TERF2, telomeric repeat binding factor 2.
direct comparison between NormFinder and TRAM results possible.
In conclusion, the present study provided, to the best of our knowledge, the first systematic analysis to quantitatively combine all of the traditional criteria aimed at identifying the HK genes that are best suited to be reference genes for the study of human gene expression. Several genes were identified and proposed to be suitable in cross-tissue studies, and certain genes were proposed as references for tissue/organ-specific studies. The wealth of data generated by this approach may also provide a representative portrait of typical gene-expression profiles for several human tissues and organs in the form of searchable database tables and suggested that currently uncharacterized transcripts, even EST clusters, may be worthy of further investigation as strong candidates to represent HK genes, or tissue-specific genes, expressed in high levels in human cells. are grateful to Mrs. Kirsten Welter for her kind and expert revision of the manuscript. M.C.'s fellowship was funded by a donation from Fondazione Umano Progresso and by a grant from Fondazione Del Monte di Bologna e Ravenna (Bologna, 
